Introduction
Supercritical fluid technologies have been actively applied and used commercially for extraction, fractionation, and purification in chemical, food and pharmaceutical industries. In particular, supercritical carbon dioxide (SCCO 2 ) whose critical temperature and pressure are 304.2 K and 7.3 MPa has been frequently used because it can reach the supercritical state under relatively mild conditions. Also carbon dioxide is cheap, stable and inflammable. SCCO 2 has also received much attention as a reaction medium. A large number of studies concerning the organic synthesises in SCCO2 have been reported [1] [2] [3] . In these SCCO 2 processes, there has been a problem that the catalysts generally used in organic synthesises are hardly dissolved in SCCO 2. The enhancements of catalyst solubilities in SCCO 2 are needed for the increase of the reaction rates. Some studies have reported that the solubilities in SCCO 2 are enhanced by the fluorinations of the solutes for the metal complexes [4] [5] [6] , ligands [7] , polymers [8] , pharmaceuticals [9] and surfactants [10] .
Tsukahara et al. [6] have reported the solubilities of uranyl β-diketonato complexes in SCCO 2 at 40 °C and 10.0 -25.0 MPa. Acetylacetonate, trifluoroacetylacetonate and hexafluoroacetylacetonate were selected as the ligands. It has been reported that the solubilities of the fluorinated complexes in which the ligands were trifluoroacetylacetonate and hexafluoroacetylacetonate were larger than those of the complex with acetylacetonate. The solubilities of the fluorinated phosphates in SCCO 2 at 300.0 -330.0 K have been also reported by Wagner et al [7] .
Fujita et al. [11, 12] have reported that the Rh complexes with the fluorinated phosphate ligand was more effective in the hydroformylation of the dienes to dialdehydes in SCCO2 than those with non-fluorinated ligands. Ru complexes with the fluorinated phosphine have been adopted to the hydrogenation of the unsaturated aldehyde by Zhao et al. [13] It is very important and useful for these reaction design to understand the relationships between the solubility increase of these catalyst by the phosphate ligand fluorination and the reaction promotion. Unfortunately, no experimental data of the solubilities for these catalysts in supercritical carbon dioxide is available.
In this work, the solubility data of the phosphine ligands and Rh complexes in 
Experiment

Materials
TPP was supplied by Aldrich Co. with a purity higher than 99%. TTFMPP was supplied by Azmax Co. with a purity higher than 97% by a gas chromatograph analysis.
Carbonylhydridtris(triphenylphosphine)rhodium(Rh-TPP) was supplied by Wako Co. 
Apparatus and procedure
A circulation-type apparatus combined with on-line FT-IR spectroscope is shown in Figure 3 . The apparatus in this work was similar to that in the previous work [15] [16] [17] and the detail descriptions of the apparatus have been given there. The circulation part of the apparatus equipped the circulation pump(9), FT-IR spectroscope(10) and equilibirium cell (11) with sapphire windows. The circulation part was immersed in a water bath (14) and controlled in the focused temperature within ±0.1 K. The pressures in the system were maintained within ±0.25 MPa during the measurements. The FT-IR spectroscope(10) was adopted to measure the compositions of the solute in supercritical fluid phase.
The relationships between the molarities of the solute and the absorbance of the specific peak were calibrated with Lambert -Beer law by the following procedure before the solubility measurements. The known amounts of the ligand or complex were dissolved in supercritical carbon dioxide. It was confirmed the formation of the homogenous phase with the windows of the cell. Then the absorbances of the specific peak were measured with FT-IR spectroscope and the calibration curves were formed.
In the measurements of solubilities, at first, the solute was set into the equilibrium cell (11) . After sealing the cell, carbon dioxide was supplied from a cylinder(1) and liquefied through a cooling unit(4). The liquefied carbon dioxide was provided to the system by a feed pump (5) . The carbon dioxide achieved to the supercritical state through the preheating coil (7) and entered into the equilibrium cell (11) . After the pressure was reached to the desired condition, the fluid in the system was circulated.
The compositions of the solute in SCCO 2 were analyzed with the FT-IR spectroscope (10) . For Rh-TTFMPP, the synthesis of this complex was carried out before the solubility measurements. (Acetylacetonato)-dicarbonylrhodium(I) and TTFMPP in mole ratio 1 : 4 were located in the equilibrium cell. Then, the system was reached to the desired conditions by the operations described above. The synthesis was performed at 333 K and 4.0 MPa for 4 -14 hs.
In the IR analyses, FT-IR spectroscope was purged with dry N2. The IR spectra were measured at 4 cm -1 wavenumber resolution to obtain the desired signal-to-noise ratio.
The optical cell was made from SUS316 and the optical path length was 5.0 mm. The windows of the optical cell were made of ZnSe and the thickness was 8.0 mm. The optical cell was maintained to the desired temperatures with water pumped from a water bath (14) . The absorption spectra of pure carbon dioxide at each temperatures was utilized as the reference spectra. The IR spectra of the solutes were determined by subtracting those of pure carbon dioxide from those of the mixture of solute and carbon dioxide. The specific peaks of the solutes (Rh-TPP: around 3064 cm ) were adopted to determine the compositions of the solutes in SCCO 2 . Figure 4 shows the IR spectra for TTFMPP and Rh-TTFMPP at 320 K and several pressures. The saturated state was confirmed by the absorbance variation as time. As an example, the absorbance variations in 3064 cm -1 as time for TPP at 320 K and 15.91 MPa are shown in Figure 5 .
The saturated solubilities were determined from the constant absorbance as shown by solid line in Figure 5 . The molarities in mol L -1 of the solute in supercritical carbon dioxide were determined using the absorbance from the calibration curves. Then, the obtained solubitlities were converted to a mole fraction basis using the densities of pure carbon dioxide calculated with the equation of state [18] . The accuracies of the solubility data were within 5 % for the ligands and 10 % for the Rh complexes. for Rh-TPP and Rh-TTFMPP was also the solid-vapor equilibria at the temperatures and pressure focused in this work.
Correlation
The experimental solubility data of the solutes in SCCO 2 was correlated with Chrastil equation [14] . This equation given by the following can explain simply the relation between the solubilities of solutes in SCCO 2 and the densities of carbon dioxide.
where S 2 is the solubility of the solute in SCCO 2 in g L -1 , ρ 1 is the density of carbon dioxide in g L -1
. k corresponds to the number of carbon dioxide molecules associated with the solute. C is the temperature dependent constant related to the enthalpies of vaporization and solvation. The densities of carbon dioxide were calculated by the equation of state proposed by Huang et al. [18] . The parameters k and C were determined from the solubility data obtained in this work.
Results and discussion
The experimental results for solubilities of ligands TPP and TTFMPP at 320 and 333 K are shown in Table 1 and Figure 6 . Wagner et al. [7] have also reported the solubility data of TPP and TTFMPP in SCCO 2 at 320 K. The comparisons of the solubility data between this work and the literature can be explained from Figure 6 . The solubility data for TPP at 320 K in this work are higher than those in the literature. For TTFMPP at 320 K, the data in this work are in good agreement with the literature data in the range of 10.5 -11.0 MPa. As shown in Figure 6 , the solubilities of fluorinated TTFMPP are 2.0 -9.8 times at 320 K and 2.4 -7.6 times at 333 K higher than those of non-fluorinated TPP.
For Rh-TPP and Rh-TTFMPP, the solubility data obtained in this work are shown in Table 2 and Table 3 . For Rh complexes in this work, the ratio is higher than those of the sodium and uranyl complexes and lower than those of the copper, nickel and cobalt complexes. 
Conclusion
The solubilities of the phosphine ligands and Rh complexes in ]
